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A near-resonant, red-detuning laser-assisted Stark deceleration scheme is proposed to slow CaF in its high-field-
seeking rovibronic ground state. The assisting Gaussian laser beam can confine CaF molecules transversely owing to the
optical Stark effect. Simulations suggest that the present scheme is superior to previous Stark decelerators. Under typical
experimental conditions, when the assisting laser frequency is red-detuned to the molecular transition (1 ~ 606.3 nm) by
5.0 GHz and the laser power is about 5.6 W, the proposed decelerator can achieve a total number at the order of 10* CaF
molecules with a number density at the order of 103 cm~3. The equivalent temperature of the obtained cold CaF molecules
is 2.3 mK. Additionally, the desired assisting laser power can be as low as about 1.2 W if keeping the red-detuning value to

be 1.0 GHz, which further suggests its experimental feasibility.
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1. Introduction

For about two decades, cold molecules (T < 1 K) have
gained increasing attention of researchers in a variety of fields
due to their wide applications in quantum simulation,!-]
quantum information,*>! quantum chemistry,>”! and pre-
cision measurements.®'!1" Complex internal structure of
molecules, related to their vibrational and rotational inter-
nal motions, and also fine and hyperfine interactions, makes
molecules good candidates for quantum engineering of chem-
istry and quantum matter investigations!!? despite the dif-
ficulty of producing cold molecules. Additionally, polar
molecules are of particular importance due to their long-range
and anisotropic interactions. 3141

Various methods have been developed to cool molecules,

15-17 18-21]

such as direct laser cooling,!">~!7! Stark deceleration,!

[22-24]

Zeeman deceleration, buffer gas cooling combined

with bending guiding,!*>*! opto-electrical cooling,>”-?8 and

magneto-optical trapping and cooling.[?°-3%]

Specifically,
Stark deceleration is versatile for chemically stable polar
molecules and can achieve large total number and high num-
ber density of cold molecules. Unfortunately, traditional
Stark deceleration works only for low-field-seeking (LFS)
molecules*3-* while most chemically stable molecules are
high-field-seeking (HFS) in their rovibronic ground state.
Bethlem er al.3>) developed the alternating gradient (AG)
Stark decelerator for HFS molecules, which was employed by

Wall ez al. 3% to decelerate calcium monofluoride (CaF). How-

DOI: 10.1088/1674-1056/28/4/043702

ever, the AG decelerator is hard to align, and either the relative
molecular number or the deceleration efficiency is much lower
than traditional Stark decelerator. Recently, Huang et al.!37]
proposed a far-red-detuning laser-assisted Stark deceleration
scheme to decelerate the HFS iodine chloride (IC1) molecule.
Simulation suggested that lower velocity and higher number
density of cold molecules could be obtained using the new de-
celeration scheme. However, it requires a high-power assisting
laser, which makes the experiment more challenging. Later,
Chen et al.’® suggested to decelerate the linear HCy,, (N
(n =2, 3, and 4) molecules using the new scheme. For these
molecules, the required laser intensity is only 10% of that for
ICl. Nevertheless, the required laser intensity is too high and
not practical.

In the present work, we propose to use a near-resonant,
red-detuning laser beam in place of the far-detuning one as
the assisting laser to slow CaF in its rovibronic ground (HFS)
state. As the near-red-detuning laser beam can provide enough
transverse guiding potential to the HFS CaF molecules at low
laser power (< 10 W), the present deceleration scheme is more
feasible. Our simulation suggests that CaF can be slowed
to rest in the laboratory frame within 100 Stark-deceleration
stages with both high number and high density. Consequently,
the decelerated CaF molecules would have wider applications
in the field of cold molecules. They can also be further cooled

to obtain ultracold molecules.
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2. Decelerator and theory

The proposed near-resonant, red-detuning laser-assisted
Stark deceleration apparatus for decelerating CaF molecules
in HFS states is shown in Fig. 1. It is similar to the
far-red-detuning decelerator that was described in detail

37,381 The left part is a traditional Stark decelera-

previously.!
tor merely omitting the electrostatic hexapole LFS molecular
focalizer. The production of CaF free radicals may follow the

(161 Briefly, sulfur hexafluoride

method of Zhelyazkova et al.
(SF¢) seeded in xenon at a backing pressure of about one at-

mosphere is supersonically expanded into a vacuum chamber

Ca disk

< Z

xenon

solenoid valve

through a pulsed valve. Free Ca atoms, ablated by a pulsed
second harmonic Nd:YAG laser from a calcium disk located
downstream the valve, react with SF¢ to form CaF molecules.
The produced CaF molecules pass through a skimmer with
a diameter of 0.1 mm (matching the assisting laser beam)
to form a molecular beam. Subsequently, the CaF molec-
ular beam passes through a set of deceleration stages. The
stages are equally spaced at 5.0-mm with the first stage lo-
cating 5.0 mm downstream the skimmer. Each stage consists
of two stainless steel rods spaced by 2.0 mm, and +10-kV
high voltages are applied on the electrode pair to produce 100-

kV/cm electrostatic field at the center.
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Fig. 1. Proposed experimental apparatus scheme for the near-resonant, red-detuning laser-assisted Stark deceleration of CaF in its high-field-

seeking state. See text for details.

A circularly polarized, near-red-detuning assisting Gaus-
sian laser beam (A ~ 606.3 nm), is collimated into 0.1 mm in
diameter at its beam waist. The focused laser beam waist fol-
lows the molecular package of interest by adjusting the lens set
synchronously. The collimated laser beam counter-propagates
against the CaF molecular beam to transversely confine the

Note that circu-
37]

CaF beam owing to optical Stark effect.
lar polarization is required to avoid the orientation effect,!
which would complicate the slowing process. And finally, the
decelerated CaF molecules can be detected downstream the
stages via either laser-induced fluorescence spectroscopy or
resonance-enhanced multi-photon ionization spectroscopy.

In the rigid rotator model, the Hamiltonian of CaF in the

laser-assisted Stark decelerator is as follows,
H=BN(N+1)+7yN-S— uEcos6+V, (1)

where B is the molecular rotational constant, N is the rotational
angular momentum quantum number, ¥ is the spin-rotational
coupling constant, u is the molecular electric dipole, 0 is the
angle between u and the electrostatic field (E), and V is the op-
tical Stark potential for interaction between the CaF molecule
and the laser field.

The Stark shift of the level j of the molecule in a near-

resonant laser field £y is given by!3’]

1 1 1
Vi=——Y |GIEL-plj)I? 2
J 4h - |<l‘ L l'l’|.]>| (Vi'_V+V[j+V>’ ( )

J
where i denotes the upper level allowed to decay to the lower

level j, h is Planck constant, v is the frequency of the laser

beam, v;; is the transition frequency. In the near-resonant case,
Vj can be approximated as follows:

Ly [GlEL - plj)
Viee— ) ———————. 3

J 4h Zl’ Vij—V 3
Therefore, the optical Stark potential of the rovibronic ground

state CaF in the assisting laser beam is

_ qood’E?  fi+S)
4h ~ Vij — v’

L

V =

“

where V;; is the rotational spectral frequency of the (0, 0) band
in the A’TT; ,-X?2" (A-X) system of CaF, d is the transition
dipole moment, gqg is the Franck—Condon factor of the (0, 0)
band, f; is the degeneracy of the state i, and Sy is the Honl-
London factor of the transition. Note that, the contributions
of the transitions in the other bands are little due to both their
small Franck—Condon factors and large detuning frequencies
(Vij — v ), and thus neglected.

3. Results and discussion

The CaF molecular parameters of interest in the
present work are as follows: the rotational constant B =
0.3385 cm~!,[*9 the spin-rotational coupling constant y =
0.00131 cm™',*!1 the molecular dipole moment u =
3.07 D,?] and the Franck—Condon factor qo0 = 0.987,11 and
the transition dipole moment d = 5.95 D'*4! for the A—X sys-
tem.

The energy level diagram of CaF molecule is illustrated in

Fig. 2, where +/— denotes the parity of the Lambda-doublets
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in the upper state. The rovibronic ground state is of + par-
ity. Limited by the parity-related selection rule (+ < —),
of all the transitions originating from the rovibronic ground
state, only the |/ =3/2,—) « |J" =1/2) (i.e., R(1/2)) and
|[Jr=1/2,—) « |J" = 1/2) (i.e., Q(1/2)) transitions (green),
are allowed, while the others (to the + parity levels) are for-
bidden. Note that the hyperfine structure is not resolved in
the diagram (Fig. 2) because they are on the order of tens of
MHz, 1541 which is much less than the Lambda-splitting.

-, 7
(R 7
=82 . 2.7 GHz
4 Se
9 N =1 / +
Ay — 28.9 GHz
\ J=1/2 _- +
————211.35 GHz
<
PR S E |
g ! |
=1 g =
[e) © 3]
sl g 3
2| ® &
£ e} <
) > =)
il 3 3
E N
21 & Q
N'=0 Jr=1/2 il = o)
X2+ _ _ s} < A

Fig. 2. Energy-level diagram of the CaF molecule (not to scale) and
related transitions. Green arrows denote allowed transitions. The red
arrow represents the assisting laser red-detuned to the |[J' = 1/2,—) +
|77 =1/2) (Q(1/2)) transition by A.

Calculated Stark potentials of the |[N,M) = |0,0) and
|4,0) sub-levels in the vibronic ground state of CaF as a func-
tion of the applied electric field is illustrated in Fig. 3. It shows
that the |0,0) sub-level is HFS while the |4,0) sub-level is
LFS. Stark shift of the former level is ~ 6.2 times stronger
of that of the latter (see inset of Fig. 3). Therefore, |0,0) is
used to simulate the proposed laser-assisted Stark deceleration

scheme and |4, 0) is used to simulate the traditional scheme!!®!

for comparison. Note that, the |4,0) sub-level has the maxi-
[36]

mum Stark shift among all LFS states.

0 20 40 60 80 100

Fig. 3. Stark shift of [N =0,M = 0) and |N = 4,M = 0) levels in the
vibronic ground state of CaF as a function of the applied electrostatic
field.

When the molecules pass through the decelerator, they

experience an inhomogeneous electric field, resulting in vary-

ing Stark shifts of the levels. As indicated in Eq. (4), the op-
tical Stark effect in the assisting laser field depends strongly
on the frequency detuning. However, will the optical Stark
effect be affected by the inhomogeneous electric field experi-
enced by the molecules when they travel in the decelerator?
The answer is nearly negative. Figure 4(a) plots the Stark sub-
levels of interest varying with the electric field and the arrows
denote the transitions that contribute to the optical Stark ef-
fect. As shown in Fig. 2, when the assisting laser frequency
(red arrow) is red-detuned to Q(1/2) by A = 5.0 GHz, it is red-
detuned to R(1/2) by ~ 38 GHz. Thus, the R(1/2) transition
has less contribution to the optical Stark effect. Furthermore,
the frequency of the Q(1/2) transition is invariable in the elec-
tric field because Stark shifts of the upper and lower levels
cancel out. By contrast, the R(1/2) transition splits into two
as shown in Fig. 4(b). Frequencies of both Stark transitions
increase with increasing electric field. We calculated the opti-
cal Stark potential of CaF in a varying electric field and found
that it only changes by of 0.045% when the electric field varies
from 0 kV/cm to 100 kV/cm.
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Fig. 4. (a) Stark shifts of the levels of interest of CaF varying with ap-
plied electric fields, together with the allowed Stark transitions (arrows).
(b) Frequencies of the transitions corresponding to the denoting arrows
in panel (a) varying with applied fields.

On the other hand, the optical Stark potential does vary
when the molecule travels in the decelerator due to the Doppler
effect. When the molecule travels at a velocity of v against
the laser beam, the laser frequency which the molecules see
becomes (Vv +v/A ), where A is the laser wavelength. In this

043702-3
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case, equation (4) must be modified as,

_ qood’E} fi-S;
4h ~Vii—(V+V/A)

1

V=

®)

As the molecule is gradually slowed in the decelerator, the real
detuning frequency increases, resulting in less bunching of the
assisting laser beam to the molecule. Therefore, the laser fre-
quency needs to be tuned synchronously for the most efficient
laser deceleration.
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Fig. 5. (a) Monte-Carlo simulation of the relative molecular number
(1) and the obtained velocity of CaF in its HFS |[N = 0,M = 0) state as
functions of the deceleration stages using the near-red-detuning laser-
assisted Stark deceleration method. The assisting laser frequency is
fixed at 5.0 GHz red-detuned to the Q(1/2) transition, and the laser
power density is 105 W/cm?. (b) Simulation of CaF in its LSF |4,0)
using the traditional Stark deceleration method for comparison. The
electrostatic field is switched at the phase of —60° and 60°, respectively.

A Monte-Carlo simulation has been performed with the
assisting laser frequency red-detuned by 5.0 GHz from the
O(1/2) transition (v = 16493.3539 cm™') of the (0, 0) band
in the A—X system of CaF and the intensity set at / = 1 x
10° W/em? (~ 5.6 W), which produces a transverse bunch po-
tential over 70 mK (while the transverse temperature of the
molecules beam is about 10 mK[*®!). The parameters of the
assisting laser are set as constant unless otherwise stated. The
initial velocity of the molecules passing through the skimmer
is set as centered at 290 m/s with an full width at half max-
imum (FWHM) of 80 m/s. The velocity of the decelerated
molecular package and the relative molecular number 7, de-
fined as the ratio of the decelerated molecules to the incident

molecules, as functions of the number of deceleration stages

are plotted in Fig. 5(a). The electrostatic field is switched at the
phase angle*”] of —60°. Figure 5(b) plots the simulation of
traditional Stark deceleration (the electrostatic field switched
at the phase angle of 60°) of CaF in its LSF |4,0) state for
comparison. Evidently, both the bunching ratio and the decel-
eration efficiency of the present scheme are better.

The time-of-flight (TOF) signals of the decelerated
molecular packages can visually support the above conclu-
sion, and thus, are plotted in Fig. 6. The TOF signals of the
present scheme are plotted in red while those of the traditional
are in black. The features of the signals in Fig. 6 are listed
in Table 1. Through 85 deceleration stages, for example, the
present obtained molecular package velocity and relative num-
ber are 42.0 m/s and 0.36% (peak H), respectively, while they
are 271.1 m/s and 0.23% (peak h), respectively, using the tra-
ditional scheme.

1.0 —6-36
2 a

5 FA §0A25- /\ b
e} =
g 08f < 0.201 /\ c
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) £0.15 /\\ A £,
= 06} C 3 i h
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é | A A A :
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0 L 1 L 1 L 1 L

1.0 1.5 2.0 2.5 3.0

Time/ms

Fig. 6. Simulated normalized TOF signals of the present decelerated
molecular package of the |0,0) CaF (in red) and those of |4,0) of the
traditional one (in black) after different deceleration stages. Peaks A to
H (or a to h) represent stages from 50 to 85 with the step of 5. The inset
(magnified peaks of the weak ones in the left-bottom) shows clearly the
normalized molecular numbers.

Table 1. Velocities and relative molecular numbers of the molecular
packages at different deceleration stages.

|0,0) (present) |4,0) (traditional)

Stages

Peak v/(m/s) n/% Peak v/(m/s) n/%
50 A 189.5 1.53 a 279.0 0.55
55 B 175.8 1.22 b 2719 0.45
60 C 161.7 0.98 c 276.7 0.39
65 D 146.0 0.87 d 275.6 0.33
70 E 128.3 0.76 e 274.5 0.31
75 F 107.4 0.71 f 2733 0.28
80 G 81.5 0.61 g 272.1 0.25
85 H 42.0 0.36 h 271.1 0.23

The complete molecular TOF signals after 80 decelera-
tion stages of the present (in red) and the traditional (in black)
are plotted in Fig. 7, where the down arrows denote the molec-
ular packages of interest. In addition, the phase-space accep-
tance through 80 slowing stages of the two compared schemes,

043702-4
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as shown in the insets in Fig. 7, further suggests the superi-
ority of our scheme over the traditional one. Evidently, our
phase-space acceptance is stable while the traditional phase-
space distribution has not yet become stable through 80 slow-
ing stages. Simulation illustrates that the phase-space distri-
bution of the |4,0) level CaF molecules via traditional Stark

deceleration cannot be stable until through 150-stage slowing.

LSD
—|N=0, M=0),
Ufinal = 81.5 m/s
n=0.61%

Rel. velocity/m-s~!

—2 —1 0 1
Rel. longitudinal position/mm

Intensity

SD
— |N=4, M=0)
Ufinal = 272.1 m/s
n=0.25%

-—
Rel. velocity/m-s~!

0 1 2 3 4
Time/ms

Fig. 7. TOF signals of the present laser-assisted Stark deceleration
(LSD) scheme (in red) of the |0,0) state and of the traditional Stark
deceleration (SD) scheme (in black) of the |4,0) state of CaF molecules
after 80 deceleration stages, where the down arrows denote the slowed
molecular packages, and the achieved velocity (Vgpar), and the relative
molecules (1) of the two schemes are also denoted. The insets plot the
phase-space acceptance of the two compared schemes after 80 slowing
stages.

The relative molecular number depends closely on the op-
tical Stark potential generated by the assisting laser beam. Fig-
ure 8 plots the relative molecular number through 80 slowing
stages varying with the optical Stark potential employing our
scheme. Our simulation shows that there is an optional poten-
tial to obtain the largest relative molecular number. The large
decreasing of the relative molecular number at higher poten-
tial may arise from the over focusing of the molecular beam in
transverse. The optional optical potential is around —112 mK
in our simulation condition (the molecular transverse temper-
ature is typically to be 10 mK). If we set the assisting laser fre-
quency to be 5.0 GHz red-detuned to the molecular transition,
the laser power density is 1.75 x 10° W/cm?, corresponding to
the power of 9.8 W. If we set the laser frequency red-detuning
to be 1.0 GHz, then the laser power will reduce to be 1.2 W.

The HFS |0,0) state of CaF can also be slowed using AG
Stark deceleration method®3! although its electrodes are dif-
ficult to align experimentally and its stages can hardly more
than 21 (increasing of stages more than 13 will give rise to
continuous losses of molecules[3%]). Nevertheless, we still
compare our scheme with the AG one. Figure 9 plots the
relative molecular number versus deceleration stages of these
two methods, where the black is the AG from Ref. [36] and
the red is the present simulation results. The large fluctua-
tion of Ref. [36] may arise from the miss-alignment of the

electrostatic electrodes. We can basically conclude that, when
decelerated over 20 stages, the present method would obtain
more molecules than the AG method. Furthermore, after 21
stages, the present molecules will lose 23.3% of their kinetic
energy, while they will only lose 15.1% in the AG one despite
its higher (20 kV/cm, twice of the present) voltages applied.

0.72
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0.68} X TXOXC TR
0.66} ; 3

0.64F S
0.62f ¥ -
0.60} %
0.58
0.56
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0 —100 —150 —200

V/mK
Fig. 8. Monte-Carlo simulation of the relative molecular number 1 of
[N =0,M = 0) CaF varying with the optical Stark potential V of the

assisting laser after 80 slowing stages via laser-assisted Stark decelera-
tion.
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Fig. 9. Relative molecular number varying with the declaration stages
of our Monte-Carlo simulation of the present laser-assisted Stark de-
celeration (LSD) scheme (red) and the alternating gradient (AG) Stark
deceleration experimental[36J (black).

Our simulation suggests that the rovibronic ground state
CaF would be decelerated to be 27.3 m/s with the relative
molecular number of 0.26% when decelerated by 86 stages
using the present scheme, and the equivalent temperature is
about 2.3 mK. In other words, about 2.6 x 10* cold molecules
with the density of 8.3 x 108 cm™ at 2.3 mK would be
achieved under the typical experimental condition (the number
of the CaF passing through the skimmer to be at the order of
1071401y Note that Egs. (2)—(4) is treated at the second-order
perturbation limited. If the third-order perturbation correction
is taken into account, the guiding potential will shift less than
10%, resulting in the relative slowed molecular number vary-
ing at the order of 1072. Another possible molecular loss is
due to the photon scattering of the assisting laser beam dur-
ing the slowing process. Each molecule could scatter about
10* photons during the slowing time of about 3 ms, but only
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a small fraction of the molecules will be scattered to other ro-
tational levels (thus, lost in the process) via Raman (Stokes)
scattering. This will not affect the simulated results much.
The dimension of the slowed molecular package is about
4.0 mm longitudinally and 0.1 mm in diameter transversely
(as shown in the upper inset in Fig. 7), and if trapped in a
3D optical trap, it could be greatly suppressed longitudinally,
which might increase the density about a factor of 40. This
is comparable with the latest experimental results, which are

3 and

a molecular number and density to be 1.0(3)x10°> cm™
7(3)x10% cm 3, respectively, at a temperature of 340(20) uK
achieved experimentally by direct laser cooling method in an
MOT in the group of Doyle.[*”! Furthermore, the incident
molecular flux can be enhanced by a factor of 30 if we cool
the skimmer to 8 K to suppress its clogging, as demonstrated
most recently in the group of Ye.[*8) Additionally, by properly
adjusting the assisting laser parameters, more cold molecules
would be achieved.

As mentioned earlier, the assisting laser power is about
5.6 W under our simulation conditions, which is feasible in ex-
periment. To further decrease the laser power desired, we can
reduce the frequency detuning. If we tune the laser frequency
to keep the real detuning invariable to be 1.0 GHz (much larger
than the spectral neutral broadening about 8.3 MHz, "1 where
the Doppler and collision broadening can be neglected in this
case) in the course of the slowing process, the power of the as-
sisting laser of only 1.2 W would result in a relative molecular
number of 0.25% after 86 stages.

The slowed HFS molecules at the end of the decelerator
can be trapped in a 3D all-optical trap, which can be formed by
this assisting laser beam and another crossed laser beam. The
loading of the molecules into this trap and further evaporative
cooling are currently under investigation in our group.

4. Conclusions

A near-resonant, red-detuning laser-assisted Stark decel-
eration scheme is proposed to slow rovibronic ground (HFS)
state CaF molecules. Our simulations suggest that a number
and a density at the order of 10* cm™3 and 10% cm™3, re-
spectively, cold CaF molecules at an equivalent temperature
of 2.3 mK would be achieved under typical experimental con-
ditions. These results are comparable with those of the lat-
est experiment achieved by direct laser cooling of CaF in an
MOT.! The higher density of cold molecules would have
wide applications and would be essential for further cooling.
In contrast to the previous proposals of far-red-detuning laser-

[37.381 the present assisting laser power would

assisted method,
be as low as about 1.2 W when keeping the real red-detuning

to 1.0 GHz, which is feasible experimentally.
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